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Abstract: π-Extended acenaphtho[1,2-d][1,2,3]triazoles, the
unsubstituted Anta-H and its di-tert-butyl derivative Diban-
ta-H, as well as 5,6,7,8-tetrahydro-1H-naphtho[2,3-
d][1,2,3]triazole Cybta-H were obtained in concise synthe-
ses. In the solid state, Dibanta-H forms an unprecedented
hydrogen-bonded cyclic tetrad, stabilized by dispersion
interactions of the bulky tBu substituents, whereas a cyclic
triad was found in the crystal structure of Anta-H. These
cyclic assemblies form infinite slipped stacks in the crystals.
Evidence for analogous hydrogen-bonded self-assembly in
solution was provided by low-temperature NMR spectro-
scopy and computational analyses. Kuratowski-type penta-
nuclear complexes [Zn5Cl4(Dibanta)6] and [Zn5Cl4(Cybta)6]
were prepared from the respective triazoles. In the Dibanta
complexes, the π-aromatic surfaces of the ligands extend
from the edges of the tetrahedral Zn5 core, yielding an
enlarged structure with significant internal molecular free
volume and red-shifted fluorescence.
π-Extended heterocyclic building blocks are of great interest as
the structural components of functional organic dyes and
coordination compounds.[1] By fusing a reactive heterocyclic
ring with a larger aromatic framework, it is possible to obtain
tunable motifs that can be combined into larger chromophores
and act as ligands in molecular complexes as well as in
framework materials. π-Extension of pyrroles, for instance, has
been intensely explored as a general strategy toward low-
bandgap porphyrinoids and other oligopyrrolic molecules.[1,2] In
this context, fusion of acenaphthylene to the β-β edge of
pyrrole (1–2, Figure 1) provided particularly striking examples of
π-extended chromophores,[3,4] and has been more recently
elaborated into a general strategy toward oligopyrrole-naph-
thalenemonoimide hybrids,[4–10] characterized by extended NIR
absorptions and multilevel redox chemistry. Acenaphthylene-
fused imidazoles (3) have found use as precursors of N-
heterocyclic ligands with applications in Pd-, Ni-, and Cu-
catalyzed coupling reactions.[11–14]
Inspired by these advances, we considered acenaphthylene
fusion as a means of creating π-extended 1,2,3-triazoles. The
target system, acenaphtho[1,2-d][1,2,3]triazole (4, Figure 1) was
envisaged as an enlarged ligand for pentanuclear Kuratowski-
type complexes [MII5X4(triazolate)6],
[15–17] so named because of
their formal relationship to K. Kuratowski’s K3,3 graph.
[18,19] These
complexes have been used as secondary building units (SBUs)
in a range of metal–organic frameworks (MOFs),[20–25] including
systems containing bis-triazole ligands, such as MFU-4,[22] CFA-
1,[23] CFA-7,[24] and CFA-8.[25] Here we show that, in spite of its
enlarged aromatic core, triazole 4 can be fitted into Kuratowski-
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Figure 1. Acenaphthylene-fused heterocycles (top) and architectures based
on Dibanta-H (bottom, this work).
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type structures yielding fluorescent complexes characterized by
moderate porosity in the solid state. In addition, the free
triazole possesses an ability to self-assemble into unprece-
dented quadruplex structures stabilized by a combination of
hydrogen bonding and dispersive interactions.
8H-Acenaphtho[1,2-d][1,2,3]triazole (Anta-H) and 2,5-di-tert-
butylacenaphtho[1,2-d][1,2,3]triazole (Dibanta-H) were obtained
from acenaphthylene 5a[26] and 2,7-di-tert-butylacenaphthylene
5b,[27] respectively, in a two-step synthesis (Scheme 1). First, 5a
and 5b were converted to their p-toluene sulfonyl derivatives,
6a and b, using the iodosulfonation/elimination sequence. In
the second step, the sulfones were annulated with sodium
azide to provide the desired fused 1,2,3-triazoles Anta-H and
Dibanta-H in a 93% and 44% yield, respectively. A reference
ligand, 5,6,7,8-tetrahydro-1H-naphtho[2,3-d][1,2,3]triazole (Cy-
bta-H) was prepared by Pd-catalyzed hydrogenation of 2,3-
naphtalenediamine 7, followed by reaction with sodium nitrite.
Kuratowski-type complexes [Zn5Cl4(Dibanta)6], and
[Zn5Cl4(Cybta)6], were obtained using slightly modified literature
procedures,[28,29] by treating zinc chloride with the correspond-
ing triazole ligand, in the presence of 2,6-lutidine as a base at
room temperature, followed by recrystallization.
Upon evaporation of a concentrated chloroform solution,
Dibanta-H produced unsolvated single crystals suitable for X-ray
diffraction analysis.[30] In the solid state, the triazole exists as the
2H tautomer and forms a unique hydrogen-bonded tetrad
(Dibanta-H)4 (Figure 2A, and C). The latter assembly is nearly
planar, with approximate fourfold symmetry, and to the best of
our knowledge, has no precedent among reported crystal
structures of triazoles. In particular, it differs from rhomboid-
shaped tetrads reported for certain 1H-triazoles,[31,32] and triads
observed for some 2H-triazole esters.[33,34] (Dibanta-H)4 is
stabilized by a set of four NH···N hydrogen bonds and four
weaker CH···N interactions (engaging hydrogens b’, cf. Fig-
ure 2A), resembling the guanine tetrad found in nucleic acid G-
quadruplexes. The Dibanta tetrads are arranged in tilted stacks
in the solid state (Figure 2C), with interplanar distances of about
3.49–3.55 Å indicative of efficient π-stacking interactions.
In contrast to Dibanta-H, the unsubstituted reference
system Anta-H was found to form triads (Anta-H)3 in the solid
state (Figure 2B and D). In these assemblies, which are visibly
distorted from planarity, the triazoles also exist as 2H tautomers,
and the H-bonded distances are less uniform than in the
Dibanta tetrad. Specifically, the N···N distances are 2.81–2.91 Å
in (Anta-H)3 versus 2.84–2.88 Å in (Dibanta-H)4. The Anta triads
form π-stacks with a smaller interplanar distance of 3.41 Å, and
a smaller offset relative to the stacking direction. These features
are apparently consistent with the lack of bulky substitution on
the Anta triazoles. In the Dibanta-H crystal, the larger offset in
the stack enables interdigitation of tert-butyl groups between
consecutive tetrads, but decreases the area of π overlap within
the stack.
The 1H NMR spectrum of Dibanta-H recorded in [D6]acetone
at 300 K (Figure S1 in the Supporting Information) showed a
fully symmetric spectral pattern, with the triazole NH signal at
13.95 ppm. On lowering of the temperature to 190 K, the peak
became narrower and was gradually shifted to 14.65 ppm,
whereas the other resonances remained essentially unchanged.
Scheme 1. Syntheses of triazoles and their Kuratowski complexes. a) i: p-
TolSO2Na, I2, CH2Cl2/H2O, RT, 24 h; ii: DBU, PhMe, RT, 1 h; b) NaN3, DMF,
120 °C, 24 h; c) Pd/C, 60 bar H2, RT, 5 days; d) NaNO2, 5 °C, 2 h; e) ZnCl2, DMF,
RT, 2 days.
Figure 2. A) and B) Crystal structures of Dibanta-H and Anta-H and the formation of hydrogen-bonded tetrads and triads. Thermal ellipsoids are shown at the
50% probability level. C) and D) Stacking of tetrads and triads in the solid state. Distances between centroids (left) and mean planes of adjacent tetrads and
triads (right) are given in Å. Peripheral hydrogens in (C) and (D) and tBu groups in (C) are omitted for clarity.
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These features indicate relatively strong H-bonded interactions
of the triazole with the solvent, and suggest that Dibanta-H
either exists as the 2H tautomer in solution, in accord with the
XRD and DFT data, or that the tautomerization of the 1H
tautomer is fast even at 190 K. In contrast, spectra recorded in
[D8]toluene showed remarkable changes upon cooling from 300
to 160 K. At 300 K, the NH signal was observed at 10.42 ppm,
reflecting the less polar character of the solvent (Figure 3A). On
lowering the temperature to 210 K, the NH peak was relocated
to 12.98 ppm and became very broad. Below that temperature
the spectrum became extremely broadened, but a relatively
well resolved pattern could again be observed below 170 K. At
165 K, the spectrum contained two broad overlapping signals
at about 16.5 ppm (a, Figure 3B), which could be assigned to
NH protons on the basis of a D2O exchange experiment
(Figure 3C). The large downfield shift of these protons is
consistent with strong hydrogen bonding, which in a nonpolar
solvent can be reasonably ascribed to self-association of the
triazoles.
The large number of signals in the 165 K spectrum indicates
the predominance of two structurally similar species consisting
of desymmetrized triazole subunits. The spectral pattern can be
tentatively ascribed to the formation of two structurally similar
aggregates, for example (Dibanta-H)4, analogous to the tetrad
observed in the crystal, and the corresponding triad (Dibanta-
H)3, similar to (Anta-H)3. Alternatively, the two species might be
thought to correspond to (Dibanta-H)4 and its π-stacked dimer
[(Dibanta-H)4]2. The latter aggregate would be analogous to
discrete π-stacked dimers which are occasionally observable for
extended aromatic surfaces in solution.[35] However, π stacking
of aromatic cores typically produces significant upfield reloca-
tions of 1H resonances, an effect that is not observed in the low
temperature spectra of Dibanta-H. Thus the relative similarity of
chemical shifts observed for the two species appears to be
more consistent with the first hypothesis, that is, the coex-
istence of (Dibanta-H)3 and (Dibanta-H)4. A more detailed
spectroscopic analysis using correlation and diffusion-ordered
spectroscopic methods was not feasible because of extreme
line broadening and unfavorable relaxation times. Supporting
evidence for the formation of (Dibanta-H)3 and (Dibanta-H)4
could however be gained from DFT calculations (see below).
Regardless of the actual identity of the two observed forms, the
extreme broadening of 1H NMR signals that occurs at temper-
atures lower than 165 K is likely caused by the onset of further,
nonspecific aggregation.
Tautomerism and self-assembly thermodynamics of Anta-H
and Dibanta-H were investigated using DFT calculations
(Table 1). At the PCM(toluene)/ωB97XD/6-31G(d,p) level of
theory, the 2H tautomers of Anta-H and Dibanta-H are more
stable than the corresponding 1H tautomers by ΔG298=4.77
and 4.75 kcalmol  1, respectively, in line with the preference
observed in the crystals. The greater stability of the 2H
tautomer in these triazoles may be partly caused by the fused
five-membered ring, which likely affects the bond lengths and
valence angles within the triazole moiety in a way that
promotes protonation on N2. The formation of the (2H-Dibanta-
H)4 tetrad is predicted to produce a free energy gain of
  3.35 kcalmol  1 per monomer unit. In the optimized geometry,
the assembly adopts a puckered shape, indicating that the
tetrad is quite flexible and that π stacking may contribute to its
near complete planarization in the crystal. The corresponding
triad (2H-Dibanta-H)3 is less stabilized (  1.61 kcalmol
  1 per
monomer), whereas an opposite preference is predicted for
Anta-H, correlating with the crystal structure data. The greater
stabilization of the (2H-Dibanta-H)4 tetrad may be ascribed to
dispersive interactions involving the bulky tert-butyl groups,
which are largely absent in the triad.
GIAO/PCM(toluene)/ωB97XD/6-31G(d,p) simulations provide
further support for the proposed assembly in solution. In
particular, chemical shifts calculated for the monomeric 2H-
Dibanta-H are in good agreement with the room temperature
1H NMR spectrum, thus implying that the triazole remains
mostly monomeric at this temperature (Figure 3D). In particular,
the NH shift at 10.81 ppm is similar to that observed at room
Figure 3. Experimental 1H NMR spectra of Dibanta-H recorded in [D8]toluene
at A) 300 K, B) 165 K, and C) at 165 K after shaking with D2O. The
approximate positions of two overlapping NH peaks in (B) are indicated with
red lines. GIAO chemical shifts for D) 2H-Dibanta-H and E) (2H-Dibanta-H)4
(PCM(toluene)/ωB97XD/6-31G(d,p) level of theory).






(2H-X-H)3   1.61   1.55
(1H-X-H)3 0.96 1.11
(2H-X-H)4   3.35   1.27
(1H-X-H)4   0.67 0.82
[a] PCM(toluene)/ωB97XD/6-31G(d,p). [b] Energy per monomer unit
relative to the lowest energy tautomer.
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temperature, in line with the assumed absence of strong
hydrogen bonding. In comparison, GIAO data obtained for (2H-
Dibanta-H)4 (Figure 3E) show markedly differentiated shifts of
protons b and b’, with a characteristic downfield value of b,
which is reflected in the experimental data. The calculated shift
of the NH signal of 16.59 ppm demonstrates the effect of
hydrogen bonding and is also in quantitative agreement with
the low-temperature spectrum.
Molecular structures of [Zn5Cl4(Dibanta)6] and
[Zn5Cl4(Cybta)6] were confirmed by single-crystal X-ray diffrac-
tion analysis and shown to contain the Kuratowski-type
pentanuclear coordination unit (Figure 4). The five Zn2+ ions
form a body-centered tetrahedron, with an octahedrally coordi-
nated ion at the center surrounded by four tetrahedrally
coordinated ions at the vertices. In each case, six triazolate
ligands span the edges of the tetrahedron, and the structure is
completed by four apical chloride ligands. In [Zn5Cl4(Dibanta)6],
the chlorides form close van der Waals contacts with the
surrounding CH bonds of acenaphthylene, providing for a
highly compact 3D arrangement. The structure does not
however appear to be sterically congested, since the Zn–N
distances are typical (2.00–2.03 Å and 2.16–2.20 Å, for tetrahe-
dral and octahedral centers, respectively).
An important consequence of π-extension of triazole
ligands in the above Kuratowski complexes is the formation of
internal molecular free volume (IMFV).[37,38] This volume is
partitioned into four prismatic voids, one at each face of the
Kuratowski tetrahedron. The total IMFV for [Zn5Cl4(Dibanta)6]
can be estimated conservatively as approximately 250 Å3, using
a simple geometrical analysis (see the Supporting Information).
In the crystals of [Zn5Cl4(Dibanta)6] and [Zn5Cl4(Cybta)6], the
IMFV cavities are occupied by solvent molecules (DMF/2,6-
lutidine and chloroform, respectively). Pore volumes, estimated
using contact surface calculations[36,39] (Figure 4, Table S13),
were found to be larger in the crystals of [Zn5Cl4(Dibanta)6] (32–
34% vs. ca. 22% for [Zn5Cl4(Cybta)6]). These values are smaller
than the upper bounds estimated from van der Waals molecular
volumes of these two complexes (52 and 44%, respectively).
Nitrogen absorption data obtained for solid [Zn5Cl4(Dibanta)6]
yielded an estimated BET surface area of 332.5 m2g  1, with a
pore width of 15 Å. In contrast, the surface area of solid
[Zn5Cl4(Cybta)6] was significantly lower (10.3 m
2g  1), in line with
the less extended structure of the Cybta-H ligand (cf. Figures S4
and S5).
The influence of the extended π-conjugated system on the
photophysical characteristics of Kuratowski complexes
[Zn5Cl4(Cybta)6] and [Zn5Cl4(Dibanta)6] was investigated using
UV-vis absorption spectroscopy, steady-state fluorescence spec-
troscopy and fluorescence life-time measurements (Figures 5
and S6–S46, Table 2). Cybta-H and Dibanta-H, as well as their
Kuratowski complexes, show well-defined absorption bands
and linear concentration dependence of absorbance in dilute
chloroform solutions. In particular, solutions of Cybta-H and its
Kuratowski complex show similar absorption bands (labsmax=
290 nm), and nearly identical fluorescence emission (labsmax=
357 nm). The excitation and emission behavior of these two
compounds is also similar in the solid state. The absorption
spectrum of Dibanta-H contains several bands reaching up to
about 400 nm. This red shift relative to the absorption of Cybta-
H is attributed to the more extended π system of Dibanta-H.
The emission of the latter triazole has a maximum at 440 nm,
yielding observable blue fluorescence with a quantum yield of
Figure 4. Left: Molecular structures of [Zn5Cl4(Dibanta)6] and [Zn5Cl4(Cybta)6] obtained from an X-ray diffraction analyses. Solvent molecules and hydrogen
atoms (in stick models) are removed for clarity. Right: Contact surfaces (1.2 Å probe radius, orange),[36] calculated for the crystal structures with solvent
molecules removed from the model. The corresponding void volumes are 34.1 and 21.9% for [Zn5Cl4(Dibanta)6] and [Zn5Cl4(Cybta)6] respectively.
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around 5%. A further red shift (labsmax=470 nm) and a diminished
quantum yield were determined for [Zn5Cl4(Dibanta)6].
In solution, the fluorescence decay of Cybta-H and
[Zn5Cl4(Cybta)6] is biexponential with a dominant contribution
of the τ2 component of about 3.7 ns (Table 2). The fluorescence
lifetimes of Dibanta-H and [Zn5Cl4(Dibanta)6] are longer (ca. 14
and 10 ns, respectively), apparently correlating with the
enlargement of the π-conjugated chromophore. All compounds
show longer fluorescence lifetimes in the solid state than in
solution and the behavior is biexponential in all cases. These
features are likely caused by intermolecular interactions in the
solid state, including hydrogen-bonded self-assembly of higher
aggregates.
In summary, three easy-to-make aromatic triazoles, the small
Cybta-H and the π-extended acenaphthylene-fused Dibanta-H
and Anta-H, were synthesized and characterized. In particular,
Dibanta-H is shown to be a useful motif for the assembly of
two- and three-dimensional molecular architectures. The for-
mation of stacked hydrogen-bonded tetrads (Dibanta-H)4,
reminiscent of G-quadruplexes, has no precedent in triazole
chemistry and might possibly be employed as a square planar
tetravalent junction in discotic liquid crystals or complex
molecular assemblies. In spite of its steric bulk, Dibanta-H forms
a pentanuclear Kuratowski complex with ZnII, displaying large
intramolecular free volumes and enhanced porosity in the solid
state. This result suggests that Kuratowski-type secondary
building units based on similar π-extended triazoles might
provide access to MOFs analogous to, for example, MFU-4 and
CFA-1, combining intrinsically high porosity with electronic
characteristics and tunable photophysical characteristics inher-
ited from the π system of the triazole ligands. Efforts to explore
these possibilities are currently ongoing in our laboratories.
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COMMUNICATION
Two- and three-dimensional struc-
tures can be assembled from π-
extended triazoles, which act as
versatile tectons capable of metal co-
ordination, hydrogen bonding, and π-
stacking interactions. Infinite stacks of
cyclic hydrogen-bonded tetrads or
triads are obtained in the crystal, with
substitution controlling the size of the
assembly. In spite of their bulkiness,
π-extended triazoles easily form pen-
tanuclear zinc(II) Kuratowski
complexes, characterized by concave
outer surfaces and moderate solid-
state porosity.
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